Global increases in atmospheric CO 2 and climate change are drawing considerable attention to identify sources of energy with lower environmental impact than those currently in use. Biodiesel production from microalgae lipids can, in the future, occupy a prominent place in energy generation because it represents a sustainable alternative to petroleum-based fuels. Several species of microalgae produce large amounts of lipids per biomass unit. Triacylglycerol is the fatty acid used for biodiesel production and the main source of energy reserves in microalgae. The current literature indicates that nutrient limitations can lead to triacylglycerol accumulation in different species of microalgae. Further efforts in microalgae screening for biodiesel production are needed to discover a native microalgae that will be feasible for biodiesel production in terms of biomass productivity and oil. This revision focuses in the biotechnological potential and viability of biodiesel production from microalgae. Brazil is located in a tropical region with high light rates and adequate average temperatures for the growth of microalgae. The wide availability of bodies of water and land will allow the country to produce renewable energy from microalgae.
Introduction
The use of renewable energy sources and reduction of environmental impacts is the main theme of the global public policy for reducing the effects of greenhouse gas emissions on global climate change [1] . In 2013, the emissions associated with the Brazilian energetic matrix exceeded 400 million tons of carbon dioxide released into the atmosphere, most of which are generated by the transport sector. The Brazilian annual emission per capita for producing and consuming energy is estimated to be 2.3 tons, which is 8 times less than the American and 3 times less than the European or Chinese emissions per capita. Despite the fact that 41% of the internal Brazilian energy supply is originated from renewable sources, in transportation sectors only 16 .5% of fuel sources have renewable origin. The main biofuels being used are ethylic alcohol (14.3%) from sugar cane; and biodiesel (2.4%) from vegetable oils, or recycling process of fatty sources as chicken fat, pork fat and frying oil [2] . Projections made by federal institutions and energy companies, indicate continuous increase in fuel consumption by the transportation sector, in this sense, biofuels play an important role in the future of clean energy generation and environmental security [3] [4] .
Following the worldwide movement, Brazil turned its attention to biodiesel research in the late 1990s. The initial goal was to introduce biodiesel into the Brazilian energy matrix, with a focus on social inclusion and regional development. However, it was the diffusion of the National Program for Production and Use of Biodiesel (PNPB) and definition of a legal and regulatory framework for biodiesel production, distribution and investment resources that made a significant progress in the use of biodiesel. In 2005, the addition of 2% biodiesel in diesel oil was mandated, which was successfully extended to 5% by the National Energy Policy Council (CNPE) in 2010, anticipating the three-year goal set by Law No. 11.097 on January 13, 2005 . To suit these targets, there was an increase in biodiesel production in the country. In 2005, production was approximately 4.6 million petroleum barrel equivalent (BEP), while in 2014, it was driven by the increase in the diesel oil mix, and production reached 19.4 million BEP, which was 4.2 times more than in 2005. Brazil currently imported a more expensive diesel than the biodiesel produced internally because the expectation for the coming years was for the biodiesel content in diesel oil to increase to 40% [2] .
As of 2013, there were 65 authorized plants located in 16 Brazilian states with a nominal capacity for biodiesel production of 7.1 million m 3 /year. The highest concentration of these biodiesel plants was in the states of Mato Grosso (31%), Rio Grande do Sul (11.5%) and Goiás (9.8%) (ANP 2014). The raw materials for biodiesel production in Brazil are diverse, such as palm in the north; soybeans, sunflower and peanuts in the South, Southeast and Midwest; and castor beans, which are considered the best option in the northeast but have not shown significant results in other regions. Soybean has been prominent in the commercial production of biodiesel in Brazil, and the second most common raw material is bovine fat, which accounts for approximately 10%. Even the cultivation of oilseeds is a true alternative for biofuel production, and some relevant aspects need to be considered, including the competition for land that can be used for food production, increased market prices of derived products, growing and harvesting crop-based regimes, among others [5] [6] .
Research on biodiesel production has highlighted the use of additional renewable sources such as microalgae. These microorganisms are promising raw materials in the production of third-generation fuels, especially if they are associated with the use of other high-value compounds produced by microalgae [7] .
In the last decade, an increased of government and private initiatives related to financial support for projects focus on alternatives sources for biodiesel production were observed in Brazil. Those initiatives resulted in a growing number of scientific publications in the area and advances in order to optimize the cultivation and transpose laboratory scale to production scale. In 2010 it was created a Microalgae Network, which involves 10 Brazilian institutions from different geographical locations. Currently some pilot plants for algae cultivation in higher scale are found in the states of Santa Catarina, Rio de Janeiro, Pernambuco and Rio Grande do Norte [8] .
This work aims to present some fundamental aspects of microalgae screening, cultivation, lipid improvement, oil extraction and conversion related to advances and challenges in the generation of microalgae biodiesel in Brazil.
Biotechnological Potential of Microalgae
Microalgae is a generic term for organisms, mostly photosynthetic and predominantly aquatic, that are distributed in the water column guided by spatial and seasonal gradients according physical, chemical and biological parameters. The main taxonomic divisions are Cyanophyta, Chlorophyta, Charophyta, Euglenophyta, Heterokontophyta, Cryptophyta, Dinophyta and Prymnesiophyta. It is estimated that there are approximately 26,000 species of microalgae in the environment, of which only a few have been identified for successful commercial application [9] [10] . Within the US Department of Energy's Aquatic Species Program (ASP) to develop micro-algae as a source of biodiesel, more than 3000 strains of microalgae from ponds and oceans have been isolated. In the Brazilian territory, representatives of all classes of algae have been identified in inland waters, soil and/or sub aerial environments, particularly from the Chlorophyta class [11] .
Chlorophyta is a division of green algae that includes approximately 500 genera and 8000 species and is preferably found in environments with a great availability of nutrients [12] . The main representatives belong to the Chlorococcales and Volvocales orders and have wide morphological variety, including unicellular, colonial and filamentous forms. The photosynthetic pigments are chlorophyll a and b; xanthophylls; lutein and prasinoxantin; and carotenoids α, β, and γ, which can be synthesized and accumulated outside of the chloroplast under conditions of nitrogen limitation or other cellular stress [13] [14] .
Microalgae are recognized by their photosynthetic efficiency, high growth rates and proportionally high level of lipids. The commercial exploitation of these organisms began in the 1960s in Japan, when strains of Chlorella were used to produce high concentrations of polysaccharides and value-added fatty acids. In the last 30 years, industries in Japan, the United States, Mexico, Italy, Israel, France, Canada, Australia and India have enhanced techniques, such as combustion, gasification, pyrolysis, fermentation and oil extraction, from microalgae biomass. The use of pigments in aquaculture, animal feed and supplements for human consumption are widely reported. Recently, the bioenergy industry has experienced an expectation by the consolidation of the use of microalgae as a viable biomass source for methane, biodiesel and bio-hydrogen production. The commercial production of microalgae for these uses shows the potential of microalgae use as a feedstock for high value-added products. Indeed, for biofuel production, microalgae can be cultivated in places unsuitable for food cultivation, eliminating wasted space by making use of non-arable, nutrient-poor land that will not support conventional agriculture [15] - [18] .
Cultivation
Microalgae are usually cultivated at a large scale using two types of systems: open systems (open ponds) and closed systems (photobioreactors). Open ponds are generally shallow and constructed of concrete, fiberglass or polycarbonate; the cultures are maintained in constant circulation with natural lighting and temperature. These systems are suitable for crops that tolerate extreme conditions, such as high pH (Spirulina) and high salt concentrations (Dunaliella), or those with fast growth, for example, Chlorella, Chlamydomonas, Scenedesmus and Ankistrodesmus [19] [20] . Under optimal conditions, biomass production rates are estimated to be 50 g•m •a −1 [21] . Until recently, only production in open ponds was considered due to the high cost of the most advanced bioreactors. However, open ponds are more susceptible to contamination by indigenous species that have low lipid productivity, predators, extreme temperatures and low light-utilization efficiency. In this sense, it is common to use the combination of open ponds and closed bioreactors, i.e. a closedtank bioreactor that grows algae inside a contained environment in which ideal growing conditions can be artificially maintained to ensure the growth of only the desired strains of microalgae [22] .
Photobioreactors could minimize contamination by other microorganisms and have the potential for higher lipid productivity scales, compensating, in theory, for the high associated cost. The most-used materials are plastic, glass and polycarbonate. A vertical photobioreactor such as a thin-plate photobioreactor is cited in the literature for the high yields reported, 24 g•m •a −1 [23] . These systems reduce the light path by increasing the light availability for each cell. They also have advantages in continuous operation mode and the control of culture conditions. Therefore, the amount of nutrients, temperature, light and pH can be adjusted to obtain higher biomass production in a shorter time. Even though closed bioreactors solve some of the problems of open ponds, they come with their own set of challenges, such as higher costs due to more specialized equipment and more intensive energy needs [24] - [26] .
Light, CO 2 and Nutrients
Light provides energy to transfer protons (H + ) and electrons (e -) from water molecules to NADP+, forming NADPH (nicotinamide adenine dinucleotide phosphate) and generating ATP (adenosine tri-phosphate). The light saturation point of microalgae is approximately 600 foot-candles. Once the light energy is received by the microalgae, only a fraction of it is assimilated in the form of biomass. It is assumed that no efficiency can exceed 32% of the photosynthetically active radiation (PAR) available. However, even though light is the primary substrate for the photosynthetic energy conversion, the excess of light can reduce growth by photoinhibition or promote cell death by damaging the polypeptides in the PSII reaction center. The light regime and photoperiod are also critical components in determining the biomass production of culture. Optimal light/dark regimes have been found to vary from 12:12 to 16:8 hours for most cultures [27] [28] .
CO 2 is the one of the most important nutrients for microalgal growth, and high concentrations of CO 2 are responsible for lipid synthesis during microalgal growth. The availability and mechanisms of the CO 2 concentration are closely linked to the photosynthetic efficiency, nutrient acquisition, assimilation, cell growth and lipid production. CO 2 concentrations up to 5% promote an increase in cell growth, but further investigations are still required to determine the influence of higher CO 2 concentrations on the physiology of microalgae, with special attention to growth, biomass and lipid production [29] - [31] .
The nutrient availability affects the chemical composition and growth rate of the algae. The nutritional process of microalgae is based on the uptake of dissolved nutrients, mainly in their inorganic form. Thus, some elements are required in low concentrations (on the order of nanograms or micrograms per liter), such as silica, iron, manganese, molybdenum, copper, cobalt, zinc, boron and vanadium. These micronutrients are incorporated into essential organic molecules that participate in the primary reactions for these organisms. Other elements are required in higher concentrations, on the order of milligrams per liter, such as carbon, hydrogen, nitrogen, oxygen, phosphorus, potassium, sulfur and sodium. These macronutrients form structural components of biomolecules and membranes, participate in energy processes, and regulate metabolic activities, and their absence or insufficiency can affect vital functions of these microorganisms. The most important nutrients are phosphorus and nitrogen, which are only directly available for the growth of microalgae in their dissolved form [32] - [35] .
Phosphorus comprises the molecules involved in vital processes such as nucleic acids and adenosine triphosphate (ATP), enzymatic phosphorylation, dephosphorylation modulations and composition of the phospholipids. The relatively small amount of bioavailable phosphorus makes it a limiting element of aquatic primary productivity. Although microalgae are capable of absorbing phosphate from different sources, orthophosphate is preferred. The phosphorous absorption is stimulated in the presence of light and the maximum absorption rate varies depending on the intracellular and extracellular concentrations of this element. In phosphorus deficiency conditions, microalgae can achieve higher absorption rate than cells in phosphate-saturating conditions, absorbing 8 -16 times more than the minimum cell share of phosphate and converting the internal stock in the form of polyphosphate bodies. This mechanism sustains 3 -4 generations of growth in phosphate-depleted conditions. However, the relationship between the reduction in phosphorus present in the medium and the increase in lipid synthesis is not clear, but it is physiologically interesting when considering that these organisms have compartments capable of storing phosphorous in the form of polyphosphate bodies [36] - [38] .
Nitrogen is another important nutrient for cell growth. The inorganic nitrogen source available for absorption is ammonium ions ( . Nitrate is the most used form in culture medium because when using ammonia the pH could drop significantly during cell growth due to the release of H + ions. A nitrogen limitation promotes a decrease in the content of the thylakoid membrane, the activation of acyl hydrolase, and the stimulation of phospholipid hydrolysis. On the other hand, limiting the concentrations of nitrogen promotes the activation of diacylglycerol acyltransferase, which converts acyl-CoA to triglyceride in microalgae. This indicates that the utilization of intracellular stores of nitrogen-rich compounds provides energy and carbon for the biosynthesis of triacylglycerols [39] [40] .
Several factors can stress microalgae. For biotechnological purposes, the limitation of nutrients is the most studied stress condition because it leads to the accumulation of high value compounds. When light sources and CO 2 are available and the photosynthetic mechanism is active, there is a decrease in cell division, photosynthetic rates, protein synthesis and the deviation of the photosynthetic energy waived for cell division for the accumulation of carbohydrates and lipid synthesis [41] [42].
Lipids from Microalgae
Different types of microalgae have different lipid yields, i.e. lipid productivity largely depends on the microalgae species [43] . Using carbon, photosynthetically fixed microalgae synthesize fatty acids from sources of inorganic carbon and also directly from organic carbon sources such as glucose and acetate. The lipids are compounds of glycerol, sugar or base esterified with 12 -22 carbon chains, saturated or unsaturated, primarily classified into polar lipids and neutral lipids. Polar lipids include phospholipids, galactolipids, sphingolipids, steroids and prostaglandins. The neutral lipids are divided into monoacylglycerol, diacylglycerol and triacylglycerol, along with the number of esterifications present in fatty acid chain. Fatty acids comprise the largest fraction of lipids, between 25% -60% of the total lipids. Among the neutral lipids, triacylglycerols are targeted for biodiesel production [44] .
As observed for most photosynthetic organisms, the biosynthesis of fatty acids from microalgae is divided into three main stages: 1) acetyl coenzyme A (acetyl CoA) synthesis in the cytosol; 2) saturated fatty acids synthesis with 16 -18 carbons, desaturation and carbon chain elongation; and 3) acyl glycerol (triglyceride) synthesis. Lipids are produced throughout the cell cycle, and initially the synthesis is directed to form structural lipids for primary metabolism and then to the triacylglycerol formation. Triacylglycerols are the main form of energy stored in microalgae, and the composition of this fatty acid class seems to be related to not only the genetics of species but also environmental conditions and cellular stress by which microalgae are submitted. Illustrations about metabolic pathways of fatty acid biosynthesis in microalgae can be accessed through the Kyoto Encyclopedia of Genes and Genomes (KEGG), as in [45] and [46] . Despite some progress has been made in order to unravel the genetic and biochemical processes of TAG accumulation in microalgae a unison explanation for this phenomenon is yet to be found.
The concentration and composition of oils in microalgae can vary significantly at different stages of growth and among species. For example, in the early stages of growth, green algae produce relatively high concentrations of polar lipids and polyunsaturated. While in the stationary phase, green algae produce predominantly neutral lipids [47] [48] . The major profile of lipids and fatty acids methyl are shown in Table 1 and Table 2 , respectively.
Several studies support the hypothesis that microalgae fatty acids present taxonomic specificity and relative stability compared to vascular plants. It is interesting to determine a mono-specific marking between the dominant groups in the environment and to monitor the material transfers through marine or freshwater food chain. Determination of the percentage of lipid via transesterification according to modification to the Lepage and Roy method [52] . In this process, the proportion of lipids refers to the unsaponifiable fraction of lipids. Using methyl esters, exclude the presence of the unsaponifiable fraction (chlorophylls and carotenoids). The value in brackets corresponds to the same cultures in the stationary growth phase. Chlamydomonas reinhardtii (CC3491) and 3 Chlorella vulgaris.
Saturated fatty acids C14:0 (myristic acid) and C16:0 (palmitic acid) are the major components of fatty acids of most classes of microalgae, while unsaturated fatty acids appear with a specific distribution between the algal groups. Green algae are characterized by a C18:3(n − 3)/∑C20 + C22 ratio and the predominance of C14:0, C16:0, C16:1, C16:4, C18:0, C18:1, C18:2, C18:2(n − 9), C18:2(n − 12) C18:3, C18:4(n − 3), C20:5(n − 3) e C22:6(n − 3) [56] - [59] . The fatty acid profile for green algae is quite similar to other terrestrial plants, such as soy and cotton, and is being considered as a potential alternative to biofuel industries. For over 50 years, studies of microalgae for biofuel production have been described in the literature [60] . However, the microalgae fermentation processes for the production of methanol and ethanol and oil production are relatively new approaches and the studies are limited to a few strains [61] - [63] . In terms of lipid production, microalgae are divided into two categories: those with high lipid content and low growth rate and those with high growth rate and low lipid content ( Table 3 ) [64] . Species such as Phaeodactylum tricornutum, Scenedesmus almeriensis, Chlorella vulgaris and Nannochloropsis oculata, under specific conditions, showed yields of approximately 90% of recovered methyl esters [65] [66] . However, in the Brazilian scope, the industrial potential of these organisms remains to be met, largely due to the incomplete knowledge surrounding the production of metabolites in strains isolated in Brazilian environments. 
Conversion of Fatty Acids into Biodiesel
Biodiesel is a mixture of methyl or ethyl esters of long chain produced from oils by esterification and transesterification of fatty acids. The esterification is the reaction of fatty acids with an alcohol, such as methanol or ethanol, to form methyl or ethyl esters and water. Generally, mineral acids such as sulfuric acid catalyze the esterification reaction. Both reactions are reversible, and the displacement of the balance to obtain the products may occur by removing one of the products, preferably water, or using an excess of a reagent such as alcohol. The reactions start with the conversion of triglycerides to diglycerides and then diglycerides to monoglycerides; finally, the monoglycerides are converted into alkyl monoesters and glycerol [72] [73] . The physical and chemical characteristics of the oil are determined by the nature of the fatty acids. Each oil has specific characteristics with respect to the density, viscosity, oxidation stability, solidification point and acid index. Table 4 presents data relating the properties found in microalgae biodiesel and conventional diesel [74] [ 75] .
The alkaline transesterification is the route most used industrially in oil matrices for economic reasons. However, it is recognized that basic catalysis has operational problems when the vegetable oil has a high content of free fatty acids, which, during the reaction, produce emulsions that hinder the separation of the glycerine esters at the end of the reaction [76] . Considering the high rate of free fatty acids in the oil from microalgae, the basic catalyst is not suitable for the process of transesterification [77] - [80] . It showed that the use of acid catalysts to produce methyl esters from microalgae resulted in higher yields than when catalysts were in the presence of base [81] .
The direct acid-catalyzed transesterification has also proven to be a promising technology for the production of biodiesel from a feedstock that contains large amounts of free fatty acids, such as seed oil of Jatropha curcas [82] . Therefore, acid transesterification biomass may prove to be an important technology for the production of biodiesel, not only from microalgae oils. Recently, hydroesterification has been viewed as an alternative to microalgae biodiesel production due to its promising results to obtain fatty acids with above 80% recovery from the hydrolysis of wet biomass [83] [84].
Challenges, Prospect and Conclusion
One of the challenges for the commercialization of biodiesel from microalgae is the economic viability. Another barriers still need to be overcome since the energy demanded for cultivation, harvesting, oil extraction and conversion could be higher than the energy produced. The demand for water, nutrients and carbon are also aspects that have been considered. From a technical point of view biodiesel production from microalgae is not yet feasible but with possibilities for improvements [85] [86] .
In the course of fatty acid production, there are other useable products such as proteins, carbohydrates, essential fatty acids and other nutrient contents. The encouragement of the total use of biomass improves the industrial value of microalgae biomass and becomes economically attractive microalgae biodiesel production [86] [87] . As part of the integrated biorefineries concept, it is recommended the efficient use of natural resources and recovery of materials, energy and nutrients contained in the by-products or generated from other processes. The utilization of domestic wastewater in microalgae ponds has demonstrated a possibility for the integrated process to produce oil for biodiesel. These ponds can be used in secondary or tertiary treatment and are advantages in terms of cost, energy requirements and greenhouse gas mitigation [88] . Some countries, such as China, Taiwan, Israel, India, Germany, Canada and the United States, have announced initiatives for the commercial production of microalgae for biodiesel production purposes. It is clear the advance of knowledge about this theme. However, it is also observed that this effort takes place in an isolated form, with few cross-actions and exchange of know-how [89] . The Brazilian market is faced with the prospect of a significant increase in biodiesel demand by the evolution of biodiesel addition to the diesel blend. A lot of work is still needed before the potential offered by microalgae as source of biodiesel is fully exploited.
The literature cited throughout this review shows that most of these studies were performed with strains isolated from temperate regions and therefore environmental conditions different than those observed in Brazil. Another point is that these studies are not effective in elucidating what would be the best growing conditions in both laboratory and scale production, which enables the use of microalgae as the raw material for the production of biodiesel. It reiterates the need to obtain Brazilian strains that can withstand the climatic conditions to which they will be exposed to in our country, as well as to enhance the design and development of technologies that can reduce costs while increasing yields.
